Abstract. In this study, perfusion bioreactor has been employed for generating a three dimensional (3D) tissue engineering. In flow perfusion culture, the culture medium is forced through the internal porous network of the scaffold. This can mitigate internal diffusional limitations present in 3D scaffold to enhance nutrient delivery and waste removal from the cultured cells. In order to validate this design, a fluid flow analysis has been conducted to show that it has a uniform flow distribution value for cell cultured conditions. This bioreactor system also equip with the temperature controller system to ensure the bioreactor temperature is always at 37ºC in order to mimic human body temperature.
Introduction
One approach to tissue engineering is to create an in vitro environment that embodies the biochemical and mechanical signals that regulate tissue development and maintenance in vivo [1] . Bioreactors are used for cell proliferation on a small scale to generate 3D tissue constructs in vitro and for direct organ-support devices [2] . Perfusion bioreactor has been used in different tissue engineering applications because of their consistent distribution of nutrients and flow-induced shear stress within the scaffold [2] . Computational fluid dynamics (CFD) has been used before to model porous medium flow in scaffolds and bioreactors [3] . Objective of this study, the fluid flow simulations have been analyzed for three different scaffold placements in designed bioreactor and each placement have been set for three different flow rates.
A. Types of Bioreactor
There are several culture systems to maintain cell cultures. The static culture is generally the most used. However, these systems have several limitations. Bioreactor systems are an alternative to cultures of cells in vitro. There are several types of bioreactor such as perfusion chambers, stirred Preactors, packed and fluidized reactors, and rotating bioreactor [4] . Perfusion bioreactor has been chosen to be design and analyze. Perfusion bioreactor is selected because it offers several advantages, notably the ability to mitigate both external and internal diffusional limitations as well as to apply mechanical stress to the cultured cells. It also provides enhanced delivery of nutrients throughout the entire scaffold [5] .
i. Design of Flow Perfusion Bioreactor System for Bone Tissue Engineering Applications.
Gregory N. Bancroft and his team have developed a flow perfusion bioreactor that was machined from Plexiglas. Plexiglas is readily machinable to allow for the fabrication of the scaffold holder. The flow system consists of individual flow chambers machined into one block (Fig. 1) [5] . The scaffold is held in a cassette sandwiched between two neoprene O-rings. The O-rings are held tightly against the cassette by a screw top. Medium enters through the top hole in the screw top, passes through the scaffold, and exits through the bottom.
Fig. 1:
Flow chamber and cassette diagram [5] .
ii. Dynamic Flow Perfusion Bioreactor for Tissue Engineering Scaffold.
In this study, Michael J. Jaasma with his team has designed a dynamic flow perfusion bioreactor. Their bioreactor system consists of a syringe pump, a scaffold chamber, and a media reservoir ( Figure 2 ).To maintain optimal conditions for cell culture, the entire system is placed in a standard CO 2 incubator [6] . In the scaffold chamber, the scaffold is held in place within a silicone O-ring (inner diameter = 12.1 mm) and between two machined polycarbonate pieces. The scaffold chamber was designed to accommodate compliant scaffolds, but stiff scaffolds can also be used by adjusting the spacer height [6] .
B. Fluid Flow Modeling for Perfusion Bioreactor
i. The Tissue Engineering Scaffold H. Singh has used poly(ε)caprolactone (PCL) scaffolds in this studies. The scaffold fibers are 300 µm in diameter and form a 90º lay-down pattern, to form a scaffold of regular architecture with dimensions of approximately 5 mm x 5 mm x 5 mm (Fig. 3 ) [7] .
Fig. 3:
Poly(ε)caprolactone scaffold [7] .
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It must be noted that the simulations was conducted without scaffolds because he wants to determine appropriate locations for placing the scaffolds. He has studied about the flow phenomena and the location of turbulent artifacts happened. Consistency and uniformity of flow throughout the chamber were also the important criteria in his studies [7] . In this study, he found out that this design experienced the highest fluid velocity magnitude at approximately 3.52 x 10 ֿ◌³ m/s. The lowest velocity is 1.49 x 10 ֿ◌³ m/s. The average wall shear stress was found to generally lie between 0.8 and 1.2 Pa.
However, specific regions were seen to indicate high peaks in wall shear stress [7] .
Methodology

A. Designing the Bioreactor System
In this design, the bioreactor system consists of (1) a bioreactor chamber, (2) a scaffold holder, a media reservoir with the heating system consist of (3) a conical flask, (4) a heater, (5) container, drives by (6) a peristaltic pump, which are connected via gas-permeable, (7) platinum-cured silicone tubing to maintain sterility while enhancing O 2 and CO 2 gas exchange during bioreactor culture. The temperature of the medium culture at inlet is measured by (8) LM35 and the temperature value is displayed at (9) LCD display (Fig. 4) .
The fresh culture medium inside the conical flask is pumped by the peristaltic pump towards INLET valve of the bioreactor chamber, indicating by blue arrows ( ). Medium enters through the top of the chamber, passes through the scaffold, and exits through the bottom OUTLET. The scaffold chambers consist of eight tissue holders that hold the scaffold in place. Lastly, the medium will perfuse out through the OUTLET valve towards the medium container, indicating by the red arrows ( ). The top-to-bottom flow designs was created in such a manner to prevent bubbles from being trapped against the undersurface of the scaffold and altering the flow distribution. 
B. Designing the Scaffold Chamber
In the scaffold chamber (Fig. 5) , the scaffold is held in place within two machined polycarbonate pieces (10) with the diameter of 100 mm. There are eight scaffold holders (11) with the diameter of 10 mm respectively. These two features were incorporated into the scaffold chamber design to encourage fully perfusive flow through a compliant scaffold.
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Fig. 5:
The scaffold holder (10) and the preview of Scaffold holder by layer (11).
In Fig. 6 , illustrated here is the design of the flow chamber in the flow perfusion culture system. Eight of these chambers are molded into each block, allowing for the culture of eight specimens at a time. The scaffold is press-fit into a custom-machined Plexiglas cassette. These cassettes are machined specifically to the diameter of the scaffolds used and can be made with different diameters. This four-part assembly is then held in place by a screw top. 
C. Computational Fluid Dynamic Analysis i. Scaffold Used for Model Development
The scaffold for the model development can be fabricated through rapid prototyping (RP) techniques. However, for the CFD simulation, the scaffold is designed by using SolidWorks 2011. The scaffold fibers are 300 µm diameters and form a 90º lay-down pattern, to form a scaffold of circular architecture with a diameter (D) of 1000 µm and height (h) of 300 µm (Fig 7) . ii.
ANSYS Fluent in ANSYS Workbench
The first step in analyzing the fluid flow is by creating fluid flow analysis system. Workbench was selected then Fluid Flow (FLUENT) is chosen. A parasolid file was imported into ANSYS Workbench. Next, the geometry is creating in ANSYS Design Modeler. Desired length unit that had being chosen is in millimeter. The bioreactor design was generate by clicking "Generate". The inlet and outlet surface of the scaffold holder were selected and were created named selection for them. Some basic meshing parameters for the ANSYS Meshing application were set. The fourth step is setting up the CFD simulation. The Advanced Materials Research Vol. 626density of the medium was set as 1030 kg/m³ and the viscosity was set as 0.0025 kg/ms. The density of the scaffold was set as 1000 kg/m³. Velocity magnitude of inlet was set as 0.1 m/s, 0.5 m/s and 1.0 m/s for Case 1, Case 2 and Case 3 respectively.
Results
A. Bioreactor System Design
The advantage of the bioreactor system for this study is it has more sophisticated design compare to the bioreactor system designed by Michael J.Jaasma. This bioreactor is completely equipped with the temperature controller system. It also has a LCD display to show the temperature value and the condition for the heater. It also used a peristaltic pump which is Cole Parmer pump. By using this pump, the user may vary the value of the flow.
The material selection is very important as it is vital to ensure that the materials used to create the bioreactor do not give any adverse reaction from the cultured cells. Any material which is in contact with media must be biocompatible or bio inert. All the materials that have been chosen are usable at 37ºC in a humid atmosphere. They must be in sterile condition along the culture period. Bioreactor parts can be sterilized by autoclaving or disinfected by submersion in alcohol. Since the materials need to be autoclaved, all the materials are able to withstand numerous cycles of high temperature and pressure.
The design of this bioreactor is simple, avoiding the introduction of, for example, machined recesses which could collect condensed steam during autoclaving and become breeding grounds for microorganisms. Simplicity in design is important to ensure that the bioreactor is quick to assemble and dissemble.
B. Scaffold Holder Design
The advantage of the scaffold holder in this studies over the scaffold holder designed by Michael J.Jaasma is the holder can be machining into various sizes. So, different size of scaffold also can be fit into the holder. This scaffold chamber also is molded into eight scaffold holder forming one block. So, eight specimens can be cultured at a time. This can save the time consuming to culture the cells. The design by Michael J.Jaasma is restricted only to a single scaffold chamber.
C. Analysis of Fluid Flow
In this studies, the effect of scaffold placement and flow rate are become the interest. The fluid flow analysis is conducted for three cases with three different flow rates which are 0.1 m/s, 0.5 m/s and 1.0 m/s respectively (Fig. 8) . From the result analysis, Case 2 (scaffold is at Point 3) has the most uniform distribution of fluid flow pattern. The most suitable flow rate is at 1.0 m/s. From the streamline velocity, it shows that the fluid flow diffused uniformly from the inlet through the scaffold and diffused out to the outlet. The value of the flow rate at the scaffold is 0.745 m/s. 
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Conclusion
The flow perfusion system has been chosen because it provides enhanced mass transfer within the scaffold and forces medium through the internal porous network. The fluid flow analysis also validate that this bioreactor design is suitable to use for the culture of cells. The fluid flow analysis has been conducted by using CFD, ANSYS Fluent. From the result of analysis, scaffold placement for Case 2 with flow rate of 1.0 m/s is the most suitable condition for culturing cells because it has the most uniform fluid flow pattern.
